The hippocampus as a shared neural substrate ABSTRACT Objective: To identify the shared neuroimaging signature of gait slowing and cognitive impairment.
Prevention and early treatment may hold the key to reducing the global burden of dementia. 1 Early detection of those most at risk will be necessary to appropriately target early treatments, but the current screening approaches are too invasive and costly to be used at a population level. Therefore, early clinical indicators of risk are needed.
Slow gait speed predicts future onset of dementia and mild cognitive impairment (MCI), [2] [3] [4] [5] [6] and changes in gait may appear earlier than cognitive changes. 7, 8 Gait speed decline may occur as early as 12 years before the onset of MCI. 9 Therefore, repeated measures of gait speed could provide an early screening tool for increased dementia risk. Gait speed declines are multifactorial in nature, 10 and risk factors include age-related changes in cerebral integrity. 11 Slow gait speed is related to specific age-related MRI abnormalities in those without neurologic disease, including smaller volume of motor regions, prefrontal cortex, basal ganglia, and medial temporal lobe.
We propose that gait slowing is indicative of dementia risk due to reduced cerebral integrity, possibly specific to hippocampal atrophy.
We used a well-characterized cohort of older adults with annual follow-up over 14 years to assess the associations of long-term changes in gait speed with later cognitive impairment. We then assessed how regional gray matter volumes (GMVs) were associated with both gait slowing and cognitive impairment and whether GMV attenuated the association between gait decline and cognitive impairment.
METHODS Study population. The Health Aging and Body
Composition (Health ABC) study is a prospective cohort study of black and white older adults. At baseline in 1997, participants were 70 to 79 years of age and lived in Memphis, TN, or Pittsburgh, PA. Participants were recruited from designated ZIP codes by a random sample of Medicare-eligible adults. Eligibility was based on reporting no difficulties in performing activities of daily living, walking a quarter mile, or climbing 10 steps without resting. Men and black participants were oversampled.
Participants at the Pittsburgh study site were asked to participate in a neuroimaging substudy between 2006 and 2008 (year 10 or 11 of the study; figure 1). Cognitive adjudication occurred at the Pittsburgh site during the 2011 to 2012 visit (year 14 of the study). Because we wanted to look at preclinical neuroimaging markers, participants were excluded if they had a Modified Mini-Mental State (3 MS) score ,85 at the time of MRI, indicating likely major cognitive impairment. The mean time between MRI and cognitive adjudication was 3.3 years (SD 0.5 years).
Of the 1,527 participants enrolled in the study in 1997 to 1998 at the Pittsburgh site, 819 were alive and were contacted to participate in the neuroimaging substudy; 315 completed it. Participants with cognitive adjudication (n 5 246) were excluded from our analytic sample if they did not have at least 2 gait measures (n 5 1), had no MRI data (n 5 5), were missing $1 covariates (n 5 22), or had a 3 MS score ,85 at the time of MRI (n 5 27). Our final analytic sample included 193 participants. There were no differences between included and excluded participants in age, sex, heart disease, diabetes mellitus, hypertension, knee pain, muscle strength, baseline gait speed, gait slope, or total GMV (all p . 0.1). The included individuals were more likely to be white (p 5 0.01) and to have at least a high school education (p 5 0.0006) compared to the excluded individuals.
Standard protocol approvals, registrations, and patient consents. This study was approved by institutional review boards of all participating institutions. All participants signed written informed consent.
Gait speed. Repeated measures of time to walk 6 m at the usual pace were collected between 2 and 9 times between 1997 to 1998 and 2011 to 2012. Changes in time to walk 6 m were computed with bayesian slopes from longitudinal mixed models with random slopes and intercepts corrected for intercepts and are reported as increases in seconds to walk per year. Slopes were calculated separately by sex. Higher values indicate a greater increase in time to walk (i.e., faster slowing of gait speed).
Cognitive impairment. Cognitive status was clinically adjudicated on Health ABC participants who were seen at the year 14 site visit in 2011 to 2012 from data collected at the year 14 and prior visits, as described elsewhere. 13 Because of the restricted sample size, participants were categorized as cognitively normal or cognitively impaired (MCI or dementia) for these analyses.
Neuroimaging. A 3T Siemens Tim Trio magnetic resonance scanner with a Siemens 12-channel head coil was used (Siemens, Munich, Germany). Image acquisition and analysis for this study have been previously described.
14 Magnetization-prepared rapid gradient echo images were acquired to obtain GMV of regions of interest (ROIs).
GMV was normalized to intracranial volume, with lower values indicating greater atrophy, and was assessed bilaterally for 10 prespecified ROIs on the basis of previous literature 11, 12, 15 (hippocampus, anterior and posterior cingulate, primary and supplementary motor cortices, posterior parietal lobe, middle frontal lobe, caudate, putamen, and pallidum).
White matter hyperintensity (WMH) volumes were obtained from T2-weighted fluid-attenuated inversion recovery images with a semiautomated method. 16 Covariates. At baseline, demographic data, including age, race, sex, and education, were self-reported. Prevalent and incident disease algorithms based both on self-report and on physician diagnoses, recorded medications, and laboratory data were used to create time-dependent comorbidity variables indicating the development of diabetes mellitus, coronary heart disease, and hypertension during the entire study period. Fall history was assessed for the past year at each annual visit. History of recurrent falls over the entire study was defined as reporting multiple falls at least once or reporting a single fall at multiple visits. Muscle strength, measured as peak torque of quadriceps strength measured on a dynamometer (125 AP, Kin-Com, Chattanooga, TN), and self-reported joint pain at the knee were collected at the time of MRI.
Statistical analysis. Descriptive statistics comparing those who
were cognitively normal and those who were cognitively impaired at the end of the study were calculated by t tests for continuous variables and by x 2 statistics for categorical variables. Associations of 5 different gait speed measures (3 single time points and 2 slopes) with cognitive impairment were assessed by logistic regression to determine which had the strongest association using odds ratios (ORs) and 95% confidence intervals (CIs). The measures included time to walk 6 m at study baseline, at the time of MRI, and at the time of cognitive adjudication, as well as the slope of time to walk during the full 14-year study period and during the last 4 years of the study between the MRI and cognitive adjudication. Of those gait measures, the one most strongly associated with cognitive impairment was then assessed in relation to GMV of the prespecified ROIs, with an emphasis on hippocampal volume. Left and right ROIs were assessed separately. Because of nonnormal distributions of some ROI GMVs, partial Spearman correlations were used to obtain correlation coefficients (r) and p values. Associations of total GMV and ROI GMV with cognitive impairment were assessed by logistic regression. Sensitivity analyses assessed the associations separately for MCI and dementia. Analyses were repeated stratified by APOE e4 allele status.
To determine whether differences in ROI GMV might explain the association between gait slope and cognitive impairment, GMV variables from regions associated with both gait slowing and cognitive impairment were included in logistic regression models to assess how much each GMV variable attenuated the association between gait slope and cognitive impairment. All analyses were adjusted for age, sex, race, education, coronary heart disease, diabetes mellitus, hypertension, falls, knee pain, muscle strength, and WMH. All analyses used SAS, version 9.4 (SAS Institute Inc, Cary, NC).
RESULTS At baseline, the sample was on average 73 years old. A slight majority (57.5%) were female, and 34.2% were black ( to The mean time to walk 6 m was consistently longer (i.e., slower gait) for the cognitively impaired group during all 14 years of follow-up (figure 2), but no single time point gait measure was significantly associated with later cognitive impairment (table 1). The greatest mean differences between the 2 groups appeared during the last 4 years before cognitive adjudication ( figure 2) . However, the slope of gait change during the last 4 years was only weakly associated with cognitive impairment in unadjusted models (OR per 0.1-s/y slowing 1.10, 95% CI 1.04-1.17) and after adjustment for demographic and health variables (OR per 0.1-s/y slowing 1.13, 95% CI 1.05-1.22). In contrast, the slope of gait change over the full 14 years before cognitive adjudication was more strongly associated with later cognitive impairment before (OR per 0.1-s/y slowing 1.52, 95% CI 1.13-2.04) and after adjustment for demographic and health variables (OR per 0.1-s/y slowing 1.47, 95% CI 1.04-2.07). Sensitivity analyses assessed the association of gait slowing with MCI and dementia separately and found similar results for each (MCI: OR 1.45, 95% CI 0.99-2.15; dementia: OR 1.69, 95% CI 1.05-2.71).
Lower To assess the possible modifying role of APOE e4 allele status, we reran analyses stratified by APOE. Associations between right hippocampal volume and both gait slowing and cognitive impairment were stronger in APOE e4 allele carriers (data not shown). In models testing the association of gait slowing with cognitive impairment, there was no significant interaction between gait slowing and APOE status (p for interaction 5 0.8). DISCUSSION We found that a longitudinal measure of gait speed decline over 14 years predicted later cognitive impairment (adjudicated MCI or dementia) in an initially healthy sample of older adults. This association was independent of a number of demographic and health characteristics, including WMH volume. Gait speed change predicted cognitive impairment in the absence of associations for single time point gait speed measures. This association was attributable, at least in part, to differences in right hippocampal volume.
These findings support the theory that the relation between gait speed and cognitive impairment is due to a shared underlying neuropathology. 11 While multiple brain regions are likely implicated in both gait slowing and cognitive decline, smaller right hippocampal volume appears to be shared by both. This provides a mechanistic link between gait slowing and cognitive decline, indicating that the observed association is not just due to parallel, independent declines in the 2 domains during aging. Loss of hippocampal integrity is a well-recognized contributor to cognitive impairment. Volume of the hippocampus is implicated in cognitive decline and dementia onset, 17 and hippocampal atrophy is observed in both Alzheimer disease 17 and vascular dementia. 18 Of the gray matter regions assessed previously, the hippocampus has been most consistently associated with measures indicting slower and less stable gait patterns. [19] [20] [21] [22] [23] [24] [25] [26] [27] Cross-sectional studies have found positive associations between gait measures and hippocampal integrity, [19] [20] [21] [22] [23] [24] [25] but 2 other studies found no association. 15, 28 The only study to assess longitudinal, concurrent changes in gait and regional GMV found that only hippocampal atrophy was associated with declines in gait speed over a mean of 30 months. 26 Studies that have assessed associations of gait and hippocampal integrity cross-sectionally in cognitively healthy individuals and those with MCI found more consistent associations in the healthy individuals, 22, 23 indicating that the association may be present only before the onset of cognitive impairment.
In our analyses, hypertension was significantly associated with cognitive impairment and marginally significantly associated with gait slowing. Hypertension is a known risk factor for both gait slowing and cognitive impairment and has been shown to be related to smaller hippocampal volumes. 29 It is possible that hypertension is a key risk factor for hippocampal volume loss leading to both gait and cognitive declines.
The majority of studies have not assessed laterality of the hippocampal association with gait. One study using an ROI approach and assessing right and left hippocampal volume separately found that only right hippocampal volume was associated with the Timed Up and Go Test in cognitively healthy individuals. 22 A second study found that smaller volumes of the right, but not left, medial temporal lobe were associated with worse Timed Up and Go Test performance. 27 The hippocampus is involved in sensorimotor integration, 30 and the right side, in particular, is involved in spatial memory. 31, 32 Patients with multiple cognitive domain MCI have greater atrophy of the temporal gyrus on the right side compared to greater atrophy on the left in those with amnestic MCI. 33 This is consistent with gait speed having stronger associations with nonamnestic MCI 34 and vascular dementia 35 as opposed to amnestic MCI and Alzheimer disease. It should be noted, however, that atrophy of the right hippocampus has also been associated with Alzheimer disease. 36, 37 Our findings underscore the importance of assessing gait speed decline over a number of years as opposed to at a single time point, consistent with previous findings. 5 While single time point measures of gait speed can be informative, 38 we found that only the slope of gait speed change was associated with later cognitive impairment. We also found that gait slowing measured over 14 years was more strongly associated with cognitive impairment than gait slowing over the last 4 years of follow-up. This was despite the fact that the largest differences in gait speed seemed to appear during the last 4 years. The variability in gait speed change was also much larger during this time period, which may have reduced the strength of the association. This larger variability between individuals 3 . b Per 0.1 s/y. c Adjusted for age, sex, race, education, coronary heart disease, diabetes mellitus, hypertension, recurrent falls, knee pain, quadriceps strength, and white matter hyperintensities; models for gait slope additionally adjusted for gait intercept. Table 3 Associations of gait slowing with cognitive impairment before and after adjustment for GMVs of specified regions among adults 70 to 79 years of age at baseline (n 5 193) may be due to the onset of declines in multiple other systems that contribute to declines in gait speed 10 as participants entered their 80s.
Our study has several important limitations. Our sample was likely healthier than the average population of older adults. They had to be free of mobility disability at baseline when they were on average 73 years of age. In addition, we excluded those individuals with likely cognitive impairment based on 3 MS scores at the time of MRI when participants were in their early 80s, and they had to survive until cognitive adjudication when they were in their mid-80s. We did not distinguish between types of cognitive impairment. By mixing amnestic/Alzheimer-type impairments and nonamnestic/vascular-type impairments, we could have underestimated associations if they were specific to a particular type of cognitive impairment. 39 However, we did not have power to assess subtypes of cognitive impairment. Finally, we did not assess nonspeed aspects of gait. Aspects of rhythm and variability of gait may also be predictive of dementia onset 2 and should be further explored as early markers of dementia risk. Together, these limitations likely led to a conservative estimate of the true association between gait changes and cognitive outcomes.
The association between gait slowing and cognitive impairment is supported by a shared neural substrate that includes a smaller right hippocampus. This finding underscores the value of long-term gait slowing as an early indicator of dementia risk. Gait speed has several advantages over other early indicators of risk for cognitive impairment. It is easily measured in clinical settings and may precede detectable changes on many cognitive tests. Assessment of gait speed should be included in regular geriatric evaluations 40 to flag those to be further evaluated for dementia risk, possibly with MRI to determine hippocampal integrity. Gait speed declines could be a key component of early detection for cognitive impairment and dementia that will allow better planning, prevention, and early treatment options.
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